Abstract-Miniaturized ferrite ring patch antennas (RPAs) were designed and fabricated for multiple-input multiple-out (MIMO) applications. Design parameters of higher-order mode ferrite RPAs, 1-RPA and 2-RPA, were optimized, and antenna performance of the ferrite 1-RPA was evaluated. The Z-type hexaferrite and 2%-weight borosilicate glass composite was used for the ferrite antenna disk. The measured permeability (µ r ) and permittivity (ε r ) of the hexaferrite were 2.59 and 5.7, respectively, at 2.5 GHz. Three-mode orthogonal radiation of the ferrite 1-RPA was experimentally confirmed. With regard to the ferrite 2-RPA, excellent isolation (−40 dB) between ports 1 and 2 was achieved at 2.5 GHz. This excellent isolation property is attributed to both mode 3 orthogonal radiations of the bottom and top RPAs. The volumes of the 1-and 2-RPA were reduced to 14.5% and 34.5%, respectively, from 95 cm 3 of a dielectric 2-circular patch antenna (2-CPA) volume.
INTRODUCTION
Recently, a high data transmission rate is needed for mobile wireless local area networks (W-LANs), WiMax, and long-term evolution (LTE) applications. The multiple-input multiple-output (MIMO) wireless communication system has been extensively researched [1, 2] due to its higher data transmission rate than the single-input singleoutput (SISO) system in a rich multipath environment. The data transmission rate is proportional to the number of antennas in the MIMO system. However, the MIMO system requires large antenna spacing, e.g., half λ (wavelength at carrier frequency), between adjacent antenna array elements to ensure that transmitted/received signals through different antenna elements are independent. It is also known that a closer distance than 10λ between antennas leads to poor electrical isolation properties. The electrical isolation between the antennas should be less than −20 dB to maintain the performance of the MIMO system. This is a challenging issue, because the size of mobile communication devices is limited.
It has been demonstrated that two orthogonal radiation patterns could be generated by the two dielectric circular patch antenna (2-CPA or dielectric 2-CPA) with mode number n = 3 for the MIMO applications [3] [4] [5] [6] . Un-overlapped radiation patterns in the xy-plane with 30 • displacement between radiation patterns can be achieved with both of the CPAs. Excellent isolation properties (much less than −20 dB) were achieved due to these un-overlapped radiation patterns. However, the large antenna size of the 2-CPA (diameter of CPA = 10.5 cm) is a current issue to address.
Ferrite has been previously reported to reduce the antenna length but, more importantly, the volume of the antenna [7] [8] [9] . This is because the ferrite possesses permeability (µ) and permittivity (ε), where µ and ε influence electromagnetic (EM) wave velocity υ and wavelength λ (υ = c/ √ µε, λ = λ 0 / √ µε). Therefore, Z-type hexaferrite was used to miniaturize antenna for mobile MIMO communication systems in this study. In this paper, a ferrite ring patch antenna (RPA) was proposed to further miniaturize the MIMO antenna. The effects of design parameters for the 1-RPA on antenna performance were investigated for 2.5 GHz MIMO system. Accordingly, the 1-RPA was fabricated using selected design parameters to evaluate its antenna performance. In addition, antenna performance of the ferrite 2-RPA was simulated and compared to the dielectric 2-CPA.
EXPERIMENTAL

Design Parameters
In order to generate mode 3 orthogonal radiation patterns of the small MIMO antenna, the ferrite 1-and 2-RPA structures are proposed, as shown in Figs. 1(a) , (b), and (c). Ring width, ferrite disk thickness, permeability and permittivity of ferrite, its loss tan δ, and permeability/permittivity ratio were chosen for the design parameters of the ferrite RPA. In order to optimize design parameters, antenna performance was simulated by Ansoft HFSS software based on 3D finite element method (FEM) simulation. The selected design parameters of the bottom RPA were 31.9 mm and 6.5 mm of radius and thickness, respectively, while those of the top RPA were 25 mm and 7 mm of radius and thickness, respectively. In addition, permeability and permittivity of the bottom and top ferrite disks were found to be 2.2, 4.5 and 2.3, 7.0, respectively, at 2.5 GHz. 
Fabrication
Several spinel ferrites and hexaferrites are used for MHz ∼ GHz device applications with the permeabilities and permittivities given in Table 1 . Among the hexaferrites, soft Z-type hexaferrite (Ba 3 Co 2 Fe 24 O 41 ) shows the highest permeability. Therefore, Z-type hexaferrite was used in this study for the substrate material of ferrite RPA. The one-step mixing and calcination process (MCP) [23] was used to synthesize the Z-type hexaferrite particles for fabrication of the ferrite ring and disk. The water-quenching process was included in the MCP to obtain high purity hexaferrite fine particles. This detailed process has been reported in [22, 23] . The ferrite ring (Inner diameter: 3 mm, outer diameter: 7 mm) and disk (25 mm of radius, 7 mm of thickness) were prepared by sintering in O 2 at 950 • C for 1 h to obtain permeability and permittivity spectra. Permeability of sintered ferrite was adjusted by the addition of borosilicate glass to hexaferrite. On the other hand, Fig. 2 shows the flow chart for fabrication of the 1-RPA with the Z-type hexaferrite disk. After having prepared the Z-type hexaferrite disk, a hole was formed through the disk thickness. Then the hole was filled with conductive paste. The radiator and ground were prepared by sputter deposition of copper. Lastly, a coaxial cable was connected to the radiator and ground.
An x-ray diffractometer, vibrating sample magnetometer, network analyzer (Agilent N5230A), and coaxial air line fixture (Agilent 85051-60007) were used to characterize the static and dynamic magnetic properties of the Z-type hexaferrites. An anechoic chamber system and network analyzer (Agilent ENA 5070B) were used to evaluate antenna performance.
RESULTS AND DISCUSSION
Design of RPA
The resonance mode number, n, of the CPA gradually increases with an increase in the radius of the circular radiator [3, 4] . From our simulated results, it was found that the relationship between n and the radius of the circular radiator is also valid in the RPA. Fig. 3 shows the simulated gain pattern of the 1-RPA at n = 3. All gain lobes are symmetrical about the center of the radiator, while the center of the radiator shows cavity resonance. The total number of gain lobes is two times n. With regard to the 2-RPA, two individual mode-3 gain patterns from ports 1 and 2 can be obtained with a 30 • + 60 • N (where N is an integer) angle between ports 1 and 2 from the center of the radiator as shown in Fig. 1(c) . Thus, the six gain lobes of port 2 are taking the six null directions of the six gain lobes of port 1, which means interference between ports 1 and 2 can be minimized by the separated orthogonal radiations of the 2-RPA. Therefore, electromagnetic signals from ports 1 and 2 of the 2-RPA are completely isolated for MIMO antenna applications. Some equations describing electric field and antenna performance for the CPA or RPA are given by Equations (1) ∼ (8). Far-field components of the RPA for θ (elevation angle) and φ (azimuthal angle) are defined by Equations (1) and (2) [3] [4] [5] [6] 27] .
where a is the radius of the ring radiator, n is the resonance mode number, V
is the input voltage, k 0 is the free space propagation constant, φ 0 is the reference angle corresponding to the feed point of the antenna, and J N = J N (k 0 a sin θ) is the Bessel function of the second kind (Neumann function, where N is an integer). The radius a at a given resonance mode can be calculated by Equation (3) .
where χ n is the first zero of the derivative of the Bessel function J n , λ is the wavelength at a given frequency, µ r is the relative permeability, and ε r is the relative permittivity. The values of χ n are 1.8412, 3.0542, 3.8318, and 4.2012, with resonance modes n = 0, 1, 2, and 3, respectively. Therefore, a at n = 3 can be calculated by Equation (4).
where c is the light velocity and f is the resonant frequency. Figure 4 presents the calculated resonant frequency as a function of radius a by Equation (4) . It can be seen that the resonance frequency exponentially decreases with the radius of the CPA (or RPA), and the mode-3 resonant frequency of 2.5 GHz can be obtained with 2 of µ r and 5 of ε r for a ferrite disk having a radius of 25 mm.
The simulated S-parameter and 3D gain pattern of the 25 mm radius Duroid (µ = 1, ε = 2.2) RPA and ferrite (µ = 2.3, ε = 6) RPA with a 21 mm radius ring are presented in Fig. 5 . Mode 3 resonant frequency of the ferrite RPA is obtained to be 2.73 GHz, while that for the Duroid RPA is estimated to be 5.28 GHz. This suggests that the radius of the Duroid RPA can be reduced by the ferrite RPA.
With regard to magnetic loss, it has been reported that a tangent of 0.03 of magnetic loss is acceptable to achieve 55% radiation efficiency [28] . Meanwhile, bandwidth of the CPA or RPA is greatly decreased with ε r rather than µ r , as suggested by Equation (5) [29] .
For the antenna size limit, Chu's equations, Equations (6) and (7) [30] [31] [32] [33] , are used to estimate theoretical bandwidth and radiation efficiency for the proposed 2-RPA.
where k, a, and V are
Therefore, Equation (6) becomes
where normalized volume (V ol) is
The results are presented in Fig. 6 . The quality factor with radiation loss is defined by Equation (8) .
where η is the radiation efficiency of the antenna. A wavelength of 120 mm and Q-factor of 10 are estimated under the assumption of the center frequency (f c ) of 2.5 GHz, bandwidth (BW) of 250 MHz, fractional bandwidth (FBW) of 10%, and radiation efficiency (η) of 100%. Therefore, the normalized volume (V /λ 3 ) is about 0.002, which results in the antenna V (volume) of 3,500 mm 3 . This is the Chu's volume limit. The volume of the proposed top RPA, which is smaller than the bottom RPA, is 13,738 mm 3 (disk radius = 25 mm, thickness = 7 mm), the volume of which is about four times larger than the Chu's volume limit. Therefore, the 1-RPA size is far from the Chu's volume limit at 2.5 GHz and 100% radiation efficiency. This implies that further optimization or miniaturization is possible.
In order to optimize design parameters for the 2.5 GHz RPA, antenna performance with various design parameters was evaluated and optimized by a simulation technique. The radius of the disk and ring radiator, thickness of the disk, permeability, and permittivity were fixed to be 31.9 mm, 28 mm, 6.5 mm, 2, and 5, respectively, for the simulation. Fig. 7 shows the frequency dependence of S 11 -parameters and gain patterns of RPA for ring width ranging from 1 to 6 mm. The center frequency (f c ) is slightly moved to 2.39 GHz from 2.475 GHz as the ring width increases. This change of f c is attributed to the increased capacitive coupling between the ring radiator and ground due to the increased area of the ring. On the other hand, there is almost no change in gain pattern with an increase in ring width. The frequency dependence of the S 11 -parameter and gain patterns of the RPA with various disk thicknesses, and distance between ground and radiator are presented in Fig. 8 f c is slightly decreased. The orthogonal pattern is clarified as disk thickness increases from 1 to 6.5 mm, as shown in Fig. 8(b) . The orthogonal pattern gradually disappears with increasing the thickness greater than 6.5 mm. This is attributed to the capacitive ground coupling. A strong capacitive coupling occurs with thinner disk and a narrow gap between the ground and the radiator, and leads to weak electromagnetic radiation. On the other hand, high disk thickness leads to weak capacitive coupling. In this case, the mode 3 orthogonal radiation property of the RPA disappears due to the weak ground coupling.
The effect of antenna substrate properties, µ r and ε r , on the antenna performance was also studied. The simulated results show that µ r improves the antenna performance of the RPA. The f c is dramatically decreased as µ r is increased from 1 to 5, with ε r fixed at 1, as shown in Fig. 9(a) . In addition, the maximum gain is increased and the orthogonal gain pattern is obviously clarified by the increase in µ r .
On the other hand, the increase in ε r is effective in the lowering of f c and clarifying of the orthogonal gain pattern and the maximum gain is decreased. Fig. 10(a) shows that f c rapidly decreases from 5.4 GHz to 3.12 GHz with an increase in ε r . The orthogonal gain pattern for ε r from 2 to 5 is shown in Fig. 10(b) . These are due to the increased capacitance by ε r . Accordingly, the f c is lowered, but gain is decreased. Therefore, it is concluded that µ r , rather than ε r , is the effective design parameter for antenna performance.
Considering the realizable ferrite property, the ε r was fixed at 
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(a) (b) Figure 9 . (a) Frequency dependency of S 11 and (b) gain patterns for 1-RPA with various permeabilities of disk.
5, and the performance of the RPA with µ r ranging from 1 to 5 was evaluated. It was found that the f c rapidly decreased from 3.12 to 1.885 GHz with an increase in the ratio of µ r /ε r from 1 to 5 as shown in Fig. 11(a) . Maximum gain also decreased from −3.46 to −13.64 dB with 1/5 to 5/5 ratio of µ r /ε r, as shown in Fig. 11(b) , which is attributed to the decreased antenna size from 0.291λ at 3.12 GHz to 0.176λ at 1.885 GHz. Consequently, antenna volume is close to the Chu's limit volume, and therefore, resulting in radiation efficiency. Furthermore, the effects of magnetic and dielectric loss on the performance of the RPA were evaluated. Figs. 12 and 13 show 
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(a) (b) Figure 13 . (a) Frequency dependency of S 11 and (b) gain patterns for 1-RPA with various loss tan δ ε of disk.
the effects of magnetic and dielectric loss tan δ, respectively. Both figures show the same results of mismatched S 11 -parameter, broadened bandwidth and decreased maximum gain with the increase in both loss tan δ. These results are attributed to the increased energy dissipation with the increase in both loss factors, tan δ; therefore, the quality factor of radiation is decreased and then bandwidth is increased. The effect of the aforementioned design parameters on the performance of RPA is summarized in Table 2 . 
Ferrite for RPA
The theoretical maximum µ r of ferrite at 2.5 GHz was calculated to estimate the achievable µ r . The intrinsic complex µ r of ferrite can be calculated using the Landau-Lifshitz-Gilbert (LLG) Equations (9), (10) , and (11).
where ω represents the angular driving frequency (ω = 2πf ), α is the damping constant and γ represents the gyromagnetic ratio (1.76 × 10 7 rad/Oe sec). The calculated effective complex permeability spectra of µ r (ω) and µ r (ω) were shown in Fig. 14 . The 0.1 of α, 275 emu/cc of saturation magnetization (M s ), and 2100 Oe of magnetic anisotropy field (H k ) were used for the calculation. The theoretical maximum µ r at 2.5 GHz is calculated to be 2.6, with 0.03 of magnetic loss tan δ µ . Furthermore, the demagnetizing factor (N d ) needs to be considered for calculation of the effective permeability of the ferrite Calculated intrinsic permeability spectra by LLG equation.
disk. The N d of the ferrite oblate (radius a = radius b = radius c) can be calculated with Equations (12) and (13) [34] .
where the aspect ratio (A r ) is defined as
as a function of aspect ratio for the ferrite oblate is presented in Fig. 15(a) . Then the effective magnetic anisotropy field can be calculated by Equation (14) .
Therefore, Equations (10) and (11) can be rewritten as Equations (15) and (16) to calculate effective complex permeability (µ r eff ).
The A r , N d,perp , and N d,hori of the designed ferrite disks for the 2-RPA were 4.9 (= 3.19/0.65), 0.74, and 0.13, respectively, for the bottom RPA and 3.6 (= 2.5/0.7), 0.67, and 0.16, respectively, for the top RPA. These values were used to calculate the µ r eff of the ferrite disks, as presented in Fig. 15(b) . Also, the calculated tan δ of the ferrite disks as a function of frequency is shown in Fig. 15(c) .
In order to estimate the permeability of ferrite at f c of 2.5 GHz, the Z-type hexaferrite ring and block as an antenna substrate were prepared by the sintering process. Glass, Bi 2 O 3 and CaCO 3 , were added to the Z-type hexaferrite to lower the sintering temperature. The melting temperatures of these agents are in the range of 820 ∼ 830 • C. However, Bi 2 O 3 and CaCO 3 are soluble in hydrochloric and sulfuric acid, which are commonly used for metal electroplating or wet-etching processes. Borosilicate glass was chosen for the sintering agent to fabricate of hexaferrite-glass composite substrate. A higher ferromagnetic resonance (FMR) frequency than 3 GHz and relatively low ε r can be achievable with the hexaferrite-glass composite, similar to hexaferrite particles embedded in a glass matrix. As a result, the experimental µ r and ε r of the synthesized ferrite disk were measured to be 2.59 and 5.7, respectively, at 2.5 GHz, as shown in Fig. 16 . It is noted that the experimental µ r is close to the calculated theoretical µ r , and the experimental ε r is also in the range of 4.5 to 7.0 for the designed ε r .
Performance of RPA
Fabricated ferrite 1-RPA was simulated and characterized for antenna performance. The simulation data, S 11 , are in good agreement with the experimental data, as shown in Fig. 17 , thus indicating the resonant frequency of 2.7 GHz with the mode-3 radiation pattern. Moreover, the simulated and measured gain pattern of 1-RPA at 2.7 GHz, as shown in Fig. 18(a) , clearly represent a well-separated gain of the mode-3 radiation pattern. This corresponds to the simulated inner-electric field distribution, which is shown in Fig. 18(b) . Consequently, the ferrite 1-RPA volume is reduced to 14.5% of the dielectric UT 2-CPA volume of 95 cm 3 [6] .
Furthermore, the ferrite 2-RPA with a 150 • angle between ports 1 and 2 was designed as shown in Fig. 1(c) and simulated for antenna performance. Simulation results in Fig. 19(a) 2 was −37 dB at the mode 3 resonant frequency. Both simulated and measured isolations were similar. Fig. 19(b) shows the weak orthogonal gain pattern simulated in the far-field range. However, Fig. 20 shows six well-distinguished, strong electric field spots for each ring radiator. This confirms mode 3 radiations in the nearfield region, even though radiation patterns are mixed in the far-field region. The channel capacity of MIMO system can be reduced by the mixed radiation patterns. However, excellent isolation −40 dB between ports 1 and 2 were obtained due to part of unmixed radiation patterns in 3 dimensional space. It is noted that correlation between radiation patterns from ports 1 and 2 can be minimized by orthogonal radiation in the near-field region as shown in Fig. 21 (ρ e ) of 2-RPA is calculated by Equation (17) , which can be applied to compute the envelope correlation of any two-port antenna diversity system [35] , and is 0.036 at 2.5 GHz. 
In this calculation, 4.5 ∼ 7.0 of ε r and 2.2 ∼ 2.3 of µ r were used for the ferrite 2-RPA, and these values are experimentally achievable.
For comparison, antenna size, resonant frequency, and antenna performance of the dielectric 2-CPA and ferrite 2-RPA are given in Table 3 . These results strongly suggest that the use of ferrite material can dramatically reduce antenna volume. The ferrite 2-RPA volume is three times smaller than the dielectric 2-CPA volume.
CONCLUSION
Miniaturization of the ferrite 1-and 2-RPAs was successfully accomplished with the Z-type hexaferrite (Ba 3 Co 2 Fe 24 O 41 ). The antenna volumes were 14.5% and 34.5% smaller than those of the dielectric 2-CPA volume (95.0 cm 3 ), respectively. Also, mode-3 orthogonal radiation from the ferrite 1-RPA was confirmed. The Ztype barium hexaferrite (Ba 3 Co 2 Fe 24 O 41 )-borosilicate glass composite was developed for the RPAs and its permeability and magnetic loss were 2.59 and 0.03, respectively, at 2.5 GHz. Low magnetic loss ferrite is under investigation to achieve high gain for 2-RPA.
The isolation of the ferrite 2-RPA was −40 dB. This excellent isolation property is attributed to the mode-3 radiation of both top and bottom ferrite RPAs with 30 • + 60 • N angle between lobes. Therefore, the miniaturized ferrite 2-RPA with Z-type hexaferrite-borosilicate glass composite can be an antenna solution to MIMO communication systems.
